with essential hypertension excrete an intravenous sodium load more rapidly than do individuals with normal blood pressure. [1] [2] [3] [4] [5] [6] [7] The data suggest that this abnormality results from the elevated blood pressure. Among the several explanations that have been offered for this excretory alteration are unspecified extrarenal factors6 and such intrarenal disturbances as reduction in renal blood flow with elevated filtration fraction,8 increased renal intravascular pressure,9 and altered tubular function.7
IT HAS been demonstrated that patients
with essential hypertension excrete an intravenous sodium load more rapidly than do individuals with normal blood pressure. [1] [2] [3] [4] [5] [6] [7] The data suggest that this abnormality results from the elevated blood pressure. Among the several explanations that have been offered for this excretory alteration are unspecified extrarenal factors6 and such intrarenal disturbances as reduction in renal blood flow with elevated filtration fraction,8 increased renal intravascular pressure,9 and altered tubular function. 7 While the available evidence would strongly focus on a renal mechanism,7 none of the previously suggested possibilities has received experimental confirmation. To obtain a better understanding of the nature of the sodium excretion pattern in hypertension, studies relating sodium and water excretion, glomerular filtration rate (GFR), renal plasma flow (RPF), and tubular excretory capacity for sodium para-aminohippurate (TmPAH) have been performed in subjects with normal blood pressure and with labile and essential hypertension. In addition, consideration has been given to the temporal relationship between the observed elevation of blood pressure and the appearance of renal functional abnormalities.
Materials and Methods
The studies were performed on individuals with labile and essential hypertension and healthy sub- Presented in part before the American Heart Association, Miami Beach, Florida, October 20, 1961. Supported by grants from the John A. Hartford Foundation, the Eda K. Loeb Foundation, and the National Heart Institute, U. S. Public Health Service (H-4333).
Circulation, Volume XXVIII, November 1963 jects with normal blood pressure. Urinalysis, phenolsulphonphthalein excretion, urea clearance, and intravenous pyelography were normal in all the hypertensive patients. There was no evidence of abnormal adrenal function or cardiac decompensation associated with the high blood pressure. The degree of retinopathy was grade II or less. Except when the effect of a low sodium intake was being studied, all subjects received a regular hospital diet which contained 7 The effects of hydration were studied in these same individuals on a separate occasion during a maintained positive water balance of one liter (table 1) . Urinary sodium concentration and excretion were increased in all hypertensive subjects, paralleling the elevation in blood pressure. The same pattern was noted for urine osmolality and could be explained by the changes in the sodium fraction.
Urine flow, creatinine clearance, free water clearance, potassium, and urea excretion were not significantly different in the three groups.
The response to exogenous aqueous vasopressin was also measured in these subjects (table 2) . At the height of the water diuresis 0.3 mU. per Kg. vasopressin was administered intravenously, and the degree and duration of antidiuresis were observed. Urine flows prior to hormone administration did not vary significantly between the subjects with normal and elevated blood pressures. Following the administration of vasopressin, the rate of flow decreased 90.9 per cent in the control group but only 81 per cent in the essential hypertensive group (p < .01). This diminished antidiuretic response was associated with an increase in osmolal clearance of from 1.84 to 3.95 ml. per min. Despite a 50 per cent increase in osmolal clearance in the subjects with labile hypertension, the vasopressin effect was not significantly different from the controls. Furthermore, at comparable levels of solute output the decrease in urine flow was less in patients IB and SS with essential hypertension than in OR and RS with labile blood pressure. The duration of antidiuresis was similar for the three groups.
Dehydration Studies
The effect of prolonged fluid restriction on the solute and water excretion of subjects with normal blood pressure and with labile and essential hypertension is presented in The results of these studies indicate that individuals with arterial hypertension but without overt clinical evidelnce of impaired renal function have abnornmalities of both sodiumu excretion and urinary concentrating and diluting ability.
Among the possible explanations for these excretory changes is a solute diuresis due to the high salt output. It has recently been demonstrated16-19 that the regulationi of urinary solute concentration is dependent upon a countercurrent mechanism in which sodium without water is transported froin the tubular lumenl to interstitium along the aseeniding limb of the loop of 1Henle. In the presence of antidiuretic hormone, water moves passively from the collecting duct into the hypertonie interstitial fluid, resulting in the formation of a concentrated urine. Without vasopressin the tubular fluid remains dilute and a urine of low osmolality is excreted. A greater solute load reaching the collecting duct under conditions of water deprivation would reduce the per cent of water diffusing into the medullary interstitium and limit concentrating ability. During hydration, on the other hand, an additional volhine of proximal tubular fluid reaching the distal nephron would increase urinary sodiunm concentration and exeretion. The abnormal exeretory pattern observed in the hypertensive patient could, therefore, be attributed to the deliverv of an increased volume of isosmotic fluid from the proximal to the distal segment. The supplementary fluid load would logicallv result from diminished proximal tubular sodium reabsorption since there is no significant difference in glomerular function between the subjects with normal and elevated blood pressures.
There are several observations, however, that do not support this interpretation. Under conditions of hydration, despite increased solute exeretion the hypertensive subjects had urine flows and free water clearances within the normal range. This is in coiitrast to the direct relationship between solute amid water Circulation, Volume XXVIII, November 1963 exeretion noted in hydrated normal subjects by Kleen-aii et al.,20 which they attributed to the mnovenmenit of supplementary isosmotic fluid from the proximal to the distal tubule.
Additional evidence against a defect in the proximal part of the niephron is the similar response of hypertensive and normotensive subjects to a 200-ng. sodiiin diet under conditions of dehydration. If the inability of the hypertensive patient to concentrate urine normally resulted from excessive delivery of proximal tubular fluid to the distal nephron, then improvement should be noted when sodium excretion is decreased. Such a change did not occur. Rather, if anvthing, a slight fall in urine osmolality occurred in the control group anid in 5 of the 6 patients with high blood pressure. This decrease probably reflects the diminisl-hed urea excretion associated with the special diet and the slight fall in filtration rate. It is unlikely that the dimniniished filtered load of sodium and its enhanced reabsorption by the proximal tubule resulting from the low salt intake failed to provide sufficient amounts of this ion for normal operation of the eountercurrent system. This conclusion is supported by the observations of others21' 22 A second possibility that could explain the hypertensive pattern of sodium and water excretion is an impairment of sodium transport from the ascending limb of Henle's loop to the medullary interstitium. This would reduce urinary osmolality in the dehydrated state by limiting the passive diffusion of water out of the collecting duct. It would also lead to the increased urinary sodium concentration and excretion observed under conditions of water loading. This concept cannot be excluded by our data. Opposed to it, however, is the capacity of the hypertensive subjects to generate a normal quantity of free water. Also, there would be implied the unlikely situation of a selective lesion of the ascending limb of Henle's loop that would progressively worsen as the arterial pressure rose and improve as the blood pressure was reduced by antihypertensive agents.24 25 Another mechanism that can satisfactorily explain the observed excretory abnormalities is an acceleration of renal medullary blood flow resulting from the hypertension. The vasa recta play a significant role in the regulation of urinary solute concentration. Through their hairpin configuration they act as a countercurrent exchanger. The osmolality of the medullary fluid is, therefore, related to the blood flow through these vessels.
It has been shown by Selkurt26 that the dog kidney responds to an elevation in perfusion pressure by an increased excretion of sodium and water. More recently, Thurau and his colleagues27 measured the effect of increasing the perfusion pressure on the medullary and cortical blood flow through the dog kidney. As the pressure was raised, the medullary circulation acted as a pressure-dependent system while that of the cortex remained relatively constant, exhibiting autoregulation. Urine flow increased concurrently with the rising perfusion pressure. This pressure diuresis was believed to result from the augmented blood flow through the vasa recta, which by removing solute from the medulla impaired the efficiency of the countercurrent system. Since only about 1 per cent of the renal blood flow normally perfuses the medulla, a 100 per cent increase in the medullary component would only increase total flow by 1 to 2 per cent. This would not be detected by clearance measurements and yet could significantly influence the urine coneentrating mechanism.
It appears reasonable to visualize an analogous situation for the kidneys of the hypertensive patient. The high arterial pressure would result in an increased medullary blood flow. Solute concentration in the adjacent interstitial tissue would be reduced and concentrating ability impaired. In addition, the glomerular filtration rate of the nephrons supplied by this circulation would be increased. This would lead to a greater filtered load of sodium and an accelerated urine flow through the loop of Henle, which would result in the abnormally high sodium excretion associated with hypertension as well as the elevated sodium concentration observed during hydration. Total 
